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Abstract
The steps of the cross section design of a quadrupole using Nb  Sn instead of
the more common NbTi for the

insertions of the LHC are described, and
some comparisons between the results of analytical and numerical codes are
given.
1 Introduction
A Nb  Sn quadrupole for the

insertions of the LHC has been studied at LASA - INFN in past years.
The aim of this study was to evaluate the possible gain due to the use of Nb  Sn instead of the more com-
mon NbTi, being Nb  Sn quadrupoles good candidate for the second generation of the 	 quadrupoles.
The final design, developed in collaboration with LBL [1], is a two layers quadrupole with a gradient of
320 T/m in a 70 mm aperture (see Fig. 1 and Table 1). Here the steps of the cross section design and
some comparisons between the results of analytical and numerical codes are described.
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Fig. 1: Cross section of the Nb  Sn ﬀﬂﬁﬃ  quadrupole.
2 First order design
The aim of the first step of the design was to define the main characteristics of the magnet and of its cross
section. We compared layouts with rectangular block coils and with cos ! coils, we explored solutions
having two, three and four layers with and without a grading of the current density [2]. During this
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Table 1: NbSn quadrupole characteristics.
Aperture mm 70
Gradient T/m 320
Peak field T 12.16
Maximum current kA 19.0
Turn/coil (per octant) 12+17
NotCu "$# @ 12.16 T 1.9 K A/%&%(' 1970
Cu/NotCu ratio 1:1
Cable size mm 1.47*15.0
Keystone angle 1
phase we also studied the layout of different wires and cables [3] in order to find a solution with optimal
properties both as magnetic design (maximum gradient) and as cable characteristics (critical current,
cabling degradation, winding simplicity).
In order to easily study many different designs we wrote an analytical code: QCSL. It is based on
the technique of complex contour integrals [4]. The coil cross sections are represented as blocks with a
uniform current density, and their characteristics (magnetic field and multipoles) are obtained by means
of contour integrals along their boundary. Many different coil shapes can be studied: rectangular blocks,
shell blocks (having 2 concentric sides and 2 radial sides) and slanted shells blocks (having 2 concentric
sides and 2 straight sides). The effect of a cylindrical iron yoke can also be included with an infinite or
finite (constant) permeability. Using analytical formulas it is a very fast tool. Its main approximations
are the use of a constant current density in the coils and the absence of the yoke outer radius. In the
following some applications of this code and comparisons with ROXIE *) + [5] are reported.
2.1 Comparison between different current distribution approximations
2D analytical codes can represent superconducting cables by means of two different approximations: a
uniform current density or wires (usually set in place of each strand). The behaviour of a real cable
should be between these approximations. In order to estimate the effects of these approximations we
compared the results of QCSL (uniform current approximation) and of ROXIE (wires approximation)
using as model a quadrupole with rectangular coils made of cables without insulation. Under these
conditions the only difference between the two codes is the current distribution. The cable we supposed
to use for our quadrupole had 36 strands, therefore we used in ROXIE 18*2 current wires. The coil
layout is shown in Figure 2 and the results are reported in Table 2 (where ,
'
is the gradient and -/. is the
modulus of the field given by the n-th component at 1 cm from the centre).
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Fig. 2: Coil layout used for the comparison between opposite current distribution approximations (drawing by ROXIE 21 3 ).
No difference can be seen between the multipoles, while there is a very small difference between
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Table 2: Results of the analysis of a quadrupole made with rectangular coils without insulation
QCSL ROXIE ROXIE option 4 x/x
123.6 ,
'
(T/m) 123.6 self field
28.1 - + ( 5$687 + T) 28.1 included
0.095 - 9;: ( 5$6 7 + T) 0.095
6.579 -/<>=@?A (T) 6.598 +0.3%
64.04 "CB$"$# (%) 64.15 +0.2%
-/<>=@?A (T) 6.511 No -1%
"CB$"$# (%) 63.67 self field -0.6%
the peak fields. Therefore the effect of the approximations can be considered negligible.
In the second part of the table the results calculated by ROXIE without taking into account the self
field are shown. The effect of the self field in this case is about 1% and it must be taken into account or
not according to how critical current measurements have been done.
2.2 Effects of cable insulation, cable positions and current grading
The object of this comparison was a two layers quadrupole with a wedge in the first layer (see Figure
3). In QCSL three slanted coils have been used to represent the cable groups, and the current density has
been calculated in order to have the same total current used in ROXIE.
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Fig. 3: Coil layout used for the ROXIE-QCSL comparison (drawing by ROXIE 21 3 ).
The results are shown in Table 3 where a relevant difference in the - +GF 4H- +JILKNMPO 5$6 7
+RQ
can be
noted. About half the difference is due to the current grading (taken into account by ROXIE but not by
QCSL) as shown in the comparison with ROXIE without the current grading contribution. The remain-
ing part of the difference is the effect of the cable positions and insulation.
From these comparisons it can be seen that QCSL is a very fast tool (simple input and immediate
output), with a precision of 1% in gradient and -/<>=2?ATS and of 5$687RU T in higher order multipoles. It can
be useful for the first order design. When the design must be refined (deciding the number of cables in
each coil, the position and dimensions of wedges and the dimension of mid-plane shims) a more accurate
field analysis is required (for instance ,@.WV
'YX
5$687R' units for the LHC
	
quadrupoles) and ROXIE
or an equivalent code taking into account the correct position of each bare cable must be used.
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Table 3: ROXIE - QCSL comparison: two layers quadrupole




7.8 - + ( 5$687 + T) 0.6 current grading
0.017 - 9;: ( 5$6 7 + T) 0.03 due to keystone
11.10 -/<>=@?A (T) 11.171 angle





+ ( 5$6 7 + T) 3.5 current grading
- 9;: ( 5$687 + T) 0.04 due to keystone
-/<>=@?A (T) 11.167 angle
"CB$" # (%) 93.34
3 Iron contribution
The aim of the last step of our design was the correct estimation of the iron contribution to peak field,
gradient and higher order multipoles. To do this we had to take into account the real shape of the yoke
and the iron saturation. We decided to use POISSON [6] together with ROXIE in order to take the
benefits of both without their limits. In fact POISSON allows the computation of the contributions due to
iron shape and saturation, but with an approximate coils description; while ROXIE (we used the version
3.6) allowed a correct coils description but including only the effects of a cylindrical yoke with infinite
permeability.
Not having seen saturation effects on the multipoles higher than - + we decided to use the follow-
ing method:
1. A ROXIE run with infinite iron permeability.
2. Some POISSON runs with infinite iron permeability, adjusting the coils shape, in order to find an
”equivalent coils layout” giving the same gradient and - + obtained by ROXIE.
3. A POISSON run with the ”equivalent coils layout”, the real iron shape and the iron permeability
depending from the field, in order to have the corrected values of the gradient, of the - + and of the
peak field.
Using POISSON we found not accurate results when calculating the magnetic field and the - + (see the
comparison with QCSL in the following section) in many quadrupole models. We realised that the error
in the magnetic field was due to the interpolation routine when calculating the field near a coil boundary,
while the error in the - + was almost constant. It seemed to be given by a constant contribution added to
the real (analytic) value. Therefore we had to change the method to compute the iron contribution, and
we asked S. Russenschuck to introduced in ROXIE the option of a finite iron permeability. Thanks to
this improvement we could set a new method avoiding the limits found in POISSON.
1. A ROXIE run with infinite iron permeability,
2. Some POISSON runs with infinite iron permeability, adjusting the coils shape, in order to find an
”equivalent coils layout” giving the same gradient obtained by ROXIE and a similar - + (subtract-
ing the contribution due to the error).
3. A POISSON run with the ”equivalent coils layout”, the real iron shape and the iron permeability
depending from the field, in order to have the corrected value of the gradient.
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(T/m) 235.47 Z I\[
44.6 - + ( 5$687 + T) 48.8
0.08 -G9;: ( 5$6 7 + T) 0.17
11.45 -/<>=@?A (T) 11.20
Z
I 6 226.27 ,
'
(T/m) 225.77 Z I 6
44.5 - + ( 5$687 + T) 48.6
0.08 -G9;: ( 5$6 7 + T) 0.17
11.00 -/<>=@?A (T) 10.72
Z
I 5 224.75 ,
'
(T/m) 224.72 Z I table
44.4 - + ( 5$687 + T) 53.2
0.08 -G9;: ( 5$6 7 + T) 0.17
10.92 -/<>=@?A (T) 10.66
4. Use of ROXIE with a finite iron permeability, trying different values, in order to find the ”average
permeability” giving the same gradient of POISSON with the real iron behaviour (i.e. the result of
the previous step). The peak field computed by ROXIE with the ”average permeability” is taken
as the corrected value.
5. The effect of the iron saturation on the - + is supposed to be the difference between the - + obtained
with the ”equivalent coils layout” and the real iron behaviour (step 3) and the - + given by an
infinite iron permeability. In this way the constant error is cancelled and the result is added to the
-
+ calculated by ROXIE with an infinite iron permeability.
3.1 POISSON - QCSL comparison
The object of this comparison was a quadrupole with a coils layout similar to the one shown in Figure
3 without the shims on the mid-plane. The same coils geometry, current density and iron inner radius
(93.4 mm) were used in POISSON and QCSL. The iron outer radius input in POISSON was 214 mm.
We used a PC POISSON version released in January ’96.
The comparison has been done under three different conditions in order to separate some effects:
] Using an infinite iron permeability the same problem is solved by POISSON and QCSL, and the
precision of POISSON can be checked.
] Using a finite constant iron permeability the effects of the outer radius can be evaluated.
] Using in POISSON the permeability depending on the field the saturation effects can be evaluated.
We recall that POISSON has no option to search automatically for the peak field value in the coils,
and moreover the field interpolation routine has some troubles, at least in the version we used, near the
coil boundary.
The results of the comparison, reported in table 4, show that:
] The peak field found with POISSON when using an infinite permeability is lower than the real one
(analytically computed) with an error 4^-_B$- Ia`cb$MPbcd^M

















in case of Z Igh due to the infinite external radius of the iron assumed by
QCSL.
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] The - + given by POISSON with Z Ii[ is greater than the real one (analytically computed) of
about 4^- +JIjK 5$687
+ (this is more an absolute error than a relative one because it almost doesn’t
change if the magnitude of - + is changed). The systematic error on - 9;: is of the order of 5$6 7lk M
] When the field depending permeability is used in POISSON the difference of - + (9 5$687 + ) respect
to the analytic calculation is part due to the systematic error ( 4 5$6 7 +8Q and part (5 5$6 7 +8Q to the
differential saturation of the iron. No influence of the iron saturation on higher order multipoles
can be seen.
4 Conclusions
The conclusions of this study, especially as far as ROXIE is concerned, can be summarised in the two
following points:
] The use of ROXIE with a finite iron permeability (whose right value can be found with the method
here shown) allows a fast design of magnet cross section with a high precision in the evaluation of
the main field component, higher order components and the peak field.
] The effects due to the iron shape and saturation need to be taken into account only for the final
design. Different numerical codes can be used in this phase (also in a differential way as shown in
this example) or more easily the new version of ROXIE.
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